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SUMMARY 


Certain  airborne  particles  cause  serious  damage  to  V/STOL  aircraft.  Particularly 
serious  is  the  erosion  on  internal  engine  purls  and  rotor  blades,  but  damage  is  not  limit¬ 
ed  to  these  parts.  In  addition  to  erosion  caused  by  the  abrasiveness  of  the  airborne  par¬ 
ticles,  the  particles  also  cause  electric  failures,  clog  or  partially  block  small  openings, 
and  restrict  pilot  visibility.  Certain  particles  also  promote  chemical  corrosion. 

Erosiveness  of  particles  is  a  function  of  their  hardness,  angularity,  velocity,  mass, 
and  an^e  of  impact.  The  hardness  of  particles  is  related  more  to  the  mineral  than  to 
what  chemical  elements  make  up  the  particles.  Erosivencss  increases  as  angularity 
increases. 

Silica  (SiOj ),  alumina  ( Alj O3  ),  and  hematite  (Fe^  O3  )  are  the  three  most  common 
and  troublesome  airborne  particles,  on  a  world  basis,  that  cause  serious  erosion  to 
V/STOL  aircraft  systems,  subsystems,  and  components.  All  three  minerals  arc  hard; 
however,  alumina  is  considerably  harder  than  either  silica  or  hematite.  With  respect  to 
the  amount  of  erosion  damage,  the  softer  nature  of  silica,  compared  to  alumina,  is  more 
than  compensated  for  by  the  fact  that  silica,  except  in  relatively  limited  areas  of  the 
world,  constitutes  a  considerably  greater  percentage  of  the  surface  soil  than  docs  either 
alumina  or  hematite. 

Engine  erosion  damage  due  to  ingested  particles  varies  considerably  for  differetst 
parts  of  the  world.  This  is  primarily  due  to  the  differences  in  particle  size  and  the  per¬ 
centage  composition  of  SiO^ ,  AI^  O3 ,  or  FCJO3  in  the  soil.  These  differences  arc  quite 
marked.  For  example,  in  Innisfail,  Queensland,  Australia,  the  three  minerals  constitute 
neariy  84%  of  the  soil  sample;  whereas,  on  Wake  Island,  they  constitute  slightly  over  1%. 

Areas  having  at  least  9%  of  its  soil  particle  diameters  74  Mm  or  less  are  potential  air¬ 
borne  particulate  matter  problem  areas.*  Conditions  that  hinder  or  prevent  soil  parti¬ 
cles  from  becoming  airborne  are  paving,  vegetative  cover,  wetting,  and  freezing. 

Over  a  freshly  plowed  field,  the  concentrations  (mg/ft^ )  of  airborne  particles  mea¬ 
sured  near  a  hovering  11-21  helicopter  for  different  levels  arc  as  follows:  takeoff,  40.0; 

1  foot,  15.5;  10  feet,  18.1 ;  75  feet,  7.3.  Concentrations  increase  considerably  when 
two  or  more  helicoptens  arc  operating  near  one  another. 


*Thc  symbol  for  micrometer  is  '‘‘fim."  One  ks  1/1,000,000  of  a  meter  or  1/25,400 
of  an  inch. 


Airborne  oceanic  and  soil  salts  when  combined  with  moisture  promote  chemical 
corrosion.  Sulfates,  chlorides,  and  carbonates  are  the  most  common  airborne  salt  par¬ 
ticulate  matter. 


.At  the  lower  levels  (ground  to  5.0  feet)  in  the  interaction  plane,  calculated  updraft 
velocities  range  from  50  to  94  ft/sec  when  the  helicopter  skid  height  ranges  from  ground 
level  to  36  feet.  Vertical  updraft  velocities  of  50  to  94  ft/sec,  respectively,  will  keep 
rounded  SiO^  particles  of  4,060  and  13,000  ptm  airborne. 
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FOREWORD 


Tliis  report  is  tiie  second  of  a  planned  series,  “Studies  of  Army  Aviation  (V/STOL) 
Environment,”  requested  by. the  Eustis  Directorate,  U.  S.  Army  Air  Mobility  Research 
and  Development  Laboratory,  Fort  Eustis,  Virginia,  and  funded  under  Reimbursable 
Service  Directive  RO  72-10. 

Existing  criteria  reflected  in  militaiy  spcciHcations  and  standards  and  design  guides 
are  inadequate  for  V/STOL  aircraft.  The  present  criteria  for  helicopter  design  and  test¬ 
ing  arc  those  which  evolved  and  have  been  used  over  several  years  for  U.  S.  Air  Force 
fixed-wing  aircraft.  Tlie  helicopter  takeoff  and  landing  environment,  particularly  air¬ 
borne  particle  concentration,  is  markedly  more  severe  than  that  for  fixed-wing  aircraft. 
This  report  presents  data  and  conclusions  which  can  be  used  to  establish  design  and 
testing  criteria  tor  future  V/STOL  aircraft. 
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Erosion  and  corrosion  l>y  .^elected  airborne  particles  cau.se  .serious  damage  to  V/STOL  aircraft,  'fhe  design  and 
te.sting  crjter’a  for  the  fixed-wing  aircraft,  which  has  also  been  u.sed  for  V/STOL  aircraft,  is  inadequate  for 
V/STOL  aircraft  because  the  takeoff  and  landing  environment  of  the  V/STOL  aircraft  is  much  more  severe  than 
that  of  the  fixed-wing  aircraft. 

Inconsistencies  and  confusion  in  the  use  of  the  terms  “sand”  and  “dust"  in  official  Army  design  and  testing 
crifciia  documents  can  lie  corrected  by  using  the  term  “partielc”  and  specifying  the  mineral  and  diameter  size 
range. 

The  amount  of  erosion  and  chemical  corrosion  varies  considerably  for  different  places  in  the  world  because  the 
concentrations  of  the  damaging  particles  vary.  Silica  (SiO, ).  alumina  (Al^O, ).  and  hematite  (FCjOj )  are  the 
three  most  common  and  troublesome  airborne  particles  that  cau.se  erosion  damage.  Airborne  oceanic  and  .soil 
salts  cause  corrosion  damage. 

Over  a  freshly  plowed  field,  the  concentrations  (mg/ft^)  of  airliorne  particles  measured  near  a  hovering  H-2I 
helicopter  for  different  levels  are:  takeoff.  40.0:  1  foot.  I5..5;  10  feet,  18.1:  7.5  feet.  7..3.  Measured  velocities 
in  the  interaction  plane  near  the  ground  range  from  .50  to  94  ft/sce;  the.<«  are  capable  of  maintaining  airborne 
rounded  SiO^  particles  of  4,060  to  1.3,000  pm. 
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V\n  TIClIlwXTK  MATTKIl  CONSIDKRA HONS  IN  TMi: 
I)f,si(;n  of  v/stoi-  aiiickaft 


I.  INTHOmiCTK/N 


Airl.Driic  [)iirl  m  Ic>'  lie  tonsidrn'il  when  ilivitruihu  N'/S'I’OI,  iiircriil'l  syf<l*'iiis, 
siilisv  slt'ins.  [111(1  (''.tiiipdiK'iils.  I)[itn[ij:c  is  parliniliirly  ■•■<•l•i(ll(s  t(»  llic  Ingcsfcd 

piirliclcs  cxct  ssivciy  (‘rode  llic  iiilcrtiiil  parls  of  llic  engine,  tlicrcliy  drasliciilly  rcdiicinji 
lli(‘  (’iipiiu'  lilV:.  Ill  [iddilioii  lo  inlrriuil-fnpnc  dainap(N  coiisidcralilc  <*rosi»iti  lo  (ixposi^d 
romponents  such  as  rotor  blades  is  tiol  uiieotnnioii. 

'IVsIs  using  an  Armv  lielieopler  liovi'ring  over  sand  lest  sites  wi^e  eondtn  ted  at 
the  Y  nnia  Proving  (ironnd,  Arizona,  and  Fort  Henning.  (»eorgia,  lo  investigate  poltnitial 
lielieopler  airborin^  partiele  probbnns.'  Williin  a  H-monlli  period  at  Y  nma,  the  lielieop- 
ter  was  used  50  times  for  l-miiinte  tests.  During  tin*  5-monlh  period,  the  rotor  blades 
w('re  replaced  lliret;  times,  and  the  engine  was  replaced  once.  In  the  first  few  Ic.sl  runs. 
iiftiT  [i  lota!  Iioveriiig  time  of  [ibonl  20  minutes  in  tin*  a’.' borne  particles,  three  layers  of 
\\oo(l  on  till'  leiiding  edges  of  the  rotor  blades  weri'  worn  away.  For  subsequent  tests  at 
'i  nma,  lli(‘  leading  edges  were  taped  for  prolei;|ion.  The  tape  was  effective  as  long  as  it 
was  replaced  after  I  2-  lo  l6-niimit»'  periods  of  bnvering.  Before  the  l(.’sls  at  Fort  I'en* 
tiiiig,  nieliil  rotor  blades  were  installed,  and  the  leading  edges  of  the  blades  were  covered 
with  a  special  polv  luvlliaiie  film  for  protection.  Tin*  film  provided  exeelbml  protection 
for  the  le;iding  edges,  lint  after  25  tests  the  nnprol(‘el(‘d  rotor  lip  caps  were  eompleli'ly 
eroded  llirongli. 

In  addition  to  eansiiig  erosion  problems,  tin*  airborne  partieb’s  jire  significant  be* 
cause  they  promote  eliemieal  corrosion,  cause  eleclriciil  fiiiliires.  clog  or  partially  block 
critical  small  intake  opiaiings.  cause, pilot  visibility  problems,  and  an*  present  in  varying 
eoiiccnlralioiis  over  iill  land  and  wat<  r  surfaces. 


The  major  eonstilnlenls  of  airborni'  particulate  mailer  over  the  land  and  water 
.*iiirfaces  are.  respectively,  soil  ;nid  oceanic  salt  particles. 


1.  I’artienlale  .Matter.  For  iiii'  n  port. ‘'particulate  miiller"  ineln(b>  particles 
kc[)l  airborne  by  cnrrciits  and  eddic*.  «(f  the  almf»'<pb«‘rc  and  by  the  updrafts  from 
\  /S'rOI,  [lircrall.  (Vc^clali>c  lilii-r  and  organic  '<>il  particles  are  not  considered  in  Ibis 


*  s,  J,  |{oilf;ci.s  “Kviiliiiiliftit  of  lh«;  (lloml  (ii'iM* rail'll  liy  lli'liropliT  llolor  Ilbili'  DowniviiJi."  l!S.\  AVI. ARs 

T(Tlin(<’al  llrporl  (iTJll .  1.  S.  .Arini  Avialiim  M.ili-iii'l  l.aiM>Mti>ri.'s  Korl  KiIi.IIh.  V.i.,  Marrii  PMtR. 
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icporl  licraiisr  llicx  an*  s«-li(‘<liil<‘(l  lor  disriisHioii  in  a  !<i‘paral<‘ r<'|)orl  di'aliii}' rxr|iisi\«‘lv 
uilli  \('fH-lalioii.) 

2.  Dt'lliiitiuii  ol  Sand  and  Dusl.  IVacticaliy  all  Army  Irslin^  litcraliiri'  discusses 
‘■'and  atid“dii,'r‘  rallirr  llian  iIm*  more  inelnsive  lerrn  "parlieedale  mailer."  Il  is. 
llierefore.  appropriate  lo  siimmari/e  or  revieu  the  del'inilioiis  ol'saJid  and  dnsl  as  !is<*d 
in  llie  lesliii}'  lileraliire. 


"Sand"  and  "ditsl"  are  terms  normally  tised  for  all  small  particles  ol'  mailer 
1‘oitnd  on  the  snri'aec  of  tlic  earth  or  suspended  in  its  atmosphert*.  Sand  and  dust  have 
nsnally  heem  differentiated  on  the  basis  of  particle  diameler;  bid  the  terms  often  over¬ 
lap.  and  they  are  often  used  loo.sely  and  sometimes  interehangeably.  The  terms  “,eand" 
and  "diisl"  (over  a  ran"e  of  particle  diameters  from  a  fraction  of  a  mieromcler  (pm)  lo 
12001)  pm.  The  2000-pm  size  i.s  the  lower  limit  for  very  fine  pidibles:  2000  pm  etpials 
2  mm  or  nearly  0.00  inch. 


small  pie 


(Webster's  New  W  orld  Dictionary  defines  "partiele"  as:  "(  I)  an  extremely 
((';  (2)  liny  fragment;  (0)  slightest  trace;  and  (4)  sp«‘ck.") 


Itesnils  of  llagnold's  re.seareh  indicate  that  airborne  particle  behavior  changes 
markedly  within  the  70  to  1.10  pm  diameter  rangc.^  Sellling  vadoeilies  for  partielcs  of 
difftTenl  sizes  and  d('r>.silies  differ  markedly.  Particles  less  than  about  70  prn  can  remain 
suspended  in  the  atmosphere  for  very  long  perlo«ls  of  time  (days,  wei'ks,  monlhs.'’an<l 
even  y<‘ars).  The  small  partielcs  are  maintained  airborne  by  the  natural  turbulence  of 
the  air.  Particles  greater  than  1 .10  pm  are  made  airborne  by  strong,  natural  winds  and 
by  (he  liigh-v(‘loeit\  winds  and  turbulence  caused  by  the  downwash  from  VVSTOb  air- 
crafl.  tirave!  as  large  as  1/4  to  1/2  inch  in  diameter  can  be  made  airborne  by  wiiuls  in¬ 
duced  by  some  present  V/STOl,  aircraft. 


In  many  Army  .locnmenls,  there  has  been  a  lack  of  consisleney  in  Iheparti- 
^  cic  diameter  used  lo  dislingnisli  l)e|W(*en  sjmd  and  dust.  Table  I  shows  these  ineonsi.s- 
Icncies  in  several  official  1)01)  and  open-literature  .sources.-^  por  the  documents  listed 
in  Table  I,  the  higher  values  for  dust  vary  from  10  to  1.10  pm  and  the  upper  limits  for 
sand  vary  from  .10  to  2000  pm. 


ItecaHse  of  tlnsc  inconsistencies  and  confusion  in  the  meaning  of. sand  and 
diisi  in  offici.'il  Army  (btciirnent.'  c(tncerning  testing  and  design  criteria,  this  report. 


“H,  A,  Itaerioli).  Tlir  /1iy.w'.t  nf  nioun  Smut nwl  Ih’ni’ri  Ihiiifs,  Mi'IImu'M  tiiitl  I, lit,,  l.imdon,  l•MI. 

■*l'.  Illjckford  and  II.  .s,  MrlMiilirnv.  “.‘'and  and  l•n'«l  enwiclrratiniwui  tin'  IVvipn  nf  Mililan  Kqiiipmrnl."  t'SAKTI. 
IV(  |iiii.-al  Hcporf  K'i  t,-Tlt-72-7,  Korl  llrlvnlr.  \'a..  1972, 
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henceforth.  u.<es  "parliele'’  rather  than  '“.saiHl.**  It  is  al.-:o  .-ng'iested  that  al)  future  Army 
(loeutnent.s  ot»  t(‘sting  am!  (hvign  criteria  n.-sc  ■‘particle”  rather  than  ‘■satid.” 

Precise  hut  brief  testing  criteria  arc  pos.sihic  by  merely  staf  ing  .^liape.  size,  and 
kind  of  mineral,  for  example,  a  te.-t  criterion  eonid  .•JjM'cify  the  following:  I'.^e  romid- 
ed.  lOO-  to  200-/im  diameter,  quartz  (.‘'iO^)  particles.  This  eonid  very  easily  eliminate,, 
further  ineonsistencics  and  '•onfnsion  of  particle  size  in  future  design  and  testing  criteria 
documents.  • 

There  is  one  additional  advantage  of  using  "pah icle"  rather  than  "sand.” 
“Particle”  merely  connotes  small  grain.s.  "Sand.”  however,  for  the  majority  of  people, 
connotes  silica  (SiOj )  in  addition  to  small  grain.s.  The  .small-grain  idea  is  u.sefu!',  but  the 
.SiOy  connotation  is  undesirable  especially  when  te.sting  criteria  are  involve*!. 

The  term  "dust,”  however,  can  still  be  used  to  designate  lho.se  pattielcs  i>f 
any  material  that  are  n'laintained  alo  ‘t  indefinitely  b\  normal  winds  and  their  a.s.so(  iated 
turbulence  and  eddy  eurre-’ts,  Tla  ItTin  “du.st”  should  be  u.sed  only  qualitatively;  it 
should  never  have  any  quantitative  eonnotation.s. 

3.  iMeasurenient  of  Particle  Size.  For  particles  down, to  74  pm.  which  ;jre  thosi? 
that  will  be  retained  bv  a  No.  200  I'.  S.  Standard  Sieve,  it  is  ciislomarv  to  use  a  series 
of  .sieves  to  differentiate  particle  size.  Ilelow  74  pm.  the  u.se  of  mechanical  sieves  is  con¬ 
sidered  impractical  bv  m  uiy  investigators  be«-ause  of  large  variations  in  the  .siev<-s  and  ii 
et>nsequetit  large  number  of  errors.  TIuTefore,  particles  smaller  than’74  .um  are  idten 
refern-d  to  as  .'•ub-sieve  siz<'.  Table  11  summarizes  several  methods  of  parlic-h*  .<ize  atialy- 
sis  and  lists  the  lower  limit  of  particle  .«ize  for  each  method. 

I 

lliere  are  various  way.s  to  mea.aire  .«ub-sieve  particles,  but  tests  have  shown 
that  measureuK'iils  made  bv  different  method.- seldom  are  in  elo.<e  ajireemetil.  'niere- 
for*'.  <lata  eoniparisoiis  for  small  sizes  are  jiot  likely  to  be  repn-.-i'iitativ*'  iinh'.-s  it  is 
kn(»wn  that  ih**  same  mea.^urcmenl  methods  wer*'  u.'**'*!. 
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Table  II.'  MelluMls  l‘«»r  I’artii  le  .‘^i/e  Analssi.s 


Method  : 


■Approxiiiiate  Lower  Limit 
ot‘  Partifle  Size  (pm) 


Sieving 

Noriiia)  .■Jereeii.-: 
Mierome^h 
'Memhrane  filters 

KIntpation 

(For  heavy  mineral.s) 

Seduneiitalioii' 

('•ravitalional 

C'Jtitrifiiga! 

('.oniter  ('.ounter 

•  Mieroseqpie 
Visible  light 
Ultra\inlel  in  air  i 
Ultra\io!et  in  vaeiuim 
Fleet ron  miero.«eopt‘ . 


0.2 
0.1  I 

O.Od 

0.001 


li.  M  AJOR  FACTORS  AFFKCTINC;  PAR  r'CLK  KROSIVKNFSS 

> 

,  \ 

Fro-^ivene.'i.'i  of  partieL  ^  a  funetion  of  thei,r  baidne.-;.<.  angularity,  mass.  \el!)eity. 
umd  angle  of  impact.  'I'be  tw«.>  most  important  eh;!rael('ristie.>i  are  abra-jiNcness  at\d 
vcioeitv.  •  ‘ 

*  t 

4.  Abrasivenes.s.  .Ahrasi\enes.'>  of  partiele.v  i.s  related  to  bardnes.<.  angidatily.  si'/.t'. 
and  ehemieal  eompomids  present. 

I  .  _ 

a.  Hardnes.s.  Particles  \ ary  considerably  in  hardne.s.<.  I lardne.ss  i.';  related, 
primarily,  to  what  mifHTal  is  pn-.<eiit.  .\nolhei  aspect  intloeneing  the  h.^rdlu^^s  «)l  some 
sphstamrs  is  whether  the)  are  wet  or  drj.  Ila^dne.-...  of  a  .<id)sfam  e  is  determined  b)  its 
ability  to  abrade  or  indent  other  .'•nbstanee.-i.  .Several  test  :nethods  have  been  devi  -  d  to 
measure  hardne.ss.  ■  Tlie  best  known  are;  (I )  s«  rateh.  (2)  grinding,  (il)  boring.  ( f)  itiden- 
tation.  and  (.I)  height  of  rebound  a  drop  hamim'r.  Several  bardne.NS  seale.^  have  result¬ 
ed  from  these  methods.  Those  most  often  referred  toanelude:  (I)  Mohs,  by  far  the  bi'st 
ki'<)wr>.'(2)  Knoop.  (.’I)  Pfaff.  (4)  Rosiwal,  (.^)  Jaggar.  and  (ft)  llolimpiist  and  .Auerbach. 


Tlie  Mohs  soaJe  is  a  relative  hardness  seale  (Table  III),  atid  it  is  possible 
that  some  individuals  will  misinterpret  the  hardness  of  soil  mineral  partieles  wlien  using 
the  Mohs  scale.  One  mi^it  logically  assume  that  ealeite  is  about  three  times  harder 
than  tale  and  diamond  is  ten  times  harder  than  tale.  Actually,  the  Mohs  scale  increases 
exponentially.  Diamond  hanhicss  is  many  magnitudes  of  a  thousand  greal(;r  tluui  ‘‘1” 
which  is  listed  for  talc. 


Table  111.  Mohs  .Mineral  !iardne.ss  .‘'(•ale 


•Mineral 

l•’ormula 

Hardness 

Talc 

SMjO.TSiOj.HjO 

1 

flyp.sum 

CaSO^  .2Hj() 

2 

Calcite 

CaCOj 

3 

Muoritc 

CaK, 

4 

-  Carbon  .Steel 

.•\patite 

CaF,.3Ca3(P0^), 

.S 

Orthoela.se 

KjO.AljOj.OSiOj 

6 

Quartz 

SiOj 

i 

Topaz 

(AllO^SiO, 

8 

.Sapphire 

Al,0, 

9 

Diamond 

c 

10 

Tlie  Knoop  hardne.ss  scale  is  not  nearly  as  well  known  as  the  Mohs  .«eale 
but  is  much  more  comprehensive,  and  meaningful.  Tlie  Knoop  values  arc  absolute  values 
computed  by  dividing  the  for.-c  applied  on  a  diamond  point  by  the  surface  area  of  the 
indentatior.  in  the  substance  being  tested.  Table  IV  is  a  comparison  of  hardness  valuer; 
from  the  Mohs  and  Knoop  sealc.s  for  several  selected  .sub.stances.'’  On  the  .Mohs  scale, 
the  values  for  gypsum  and  quartz  are,  respectively.  2  and  7.  The  Knoop  values,  how¬ 
ever,  are  32  for  gypsum  and  820  for  quart'/..  Hecau.«e  the  Knoop  scale  is  a  ratio  scale 
rather  than  a  relative  and  much  more  comprehensive  than  the  Mohs  scale,  the  Knoop 
scale  is  recommended  for  criteria  and  testing  purpo.>je.s. 


^Uamlhook  of  Chemistry  and  I’hysirs.  Wtlli  Kdition,  1 (^Iirniiral  Itiibhrr  l‘tilili.4iing  (.’o.,  rlrvcland.  Ohio. 
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Table  IV.  CumparLsoti  of  llar(liie.ss  Values  of  Various  Materials 
on  Mohs  and  Knoop  Seales* 


Compiled  by  Laurence  S.  Foster 


Substance  Formula  Mohs  value  Knoop  value 

Talc . 3Mg0-4Si0j-llj0  1 

Gypsum  .  CaS0^'2IIj0  i  32 

Cadmium .  Cd  ...  37 

Silver  .  Ag  ...  60 

Zinc  .  Zn  ...  119 

Caicite .  CaCO^  3  135 

Huoritc  .  CaFj  4  163 

Copper  .  Cu  ...  163 

Magnesia  .  MgO  ...  370 

.Apatite  .  CaFj‘3Ca3(l’0^)j  5  430 

Nickel  .  Ni  ...  557 

Glass  (soda  lime)  .  ..  530 

Feldspar  (orthoela.se) ..  KjO'.AI^Oj  *6Si0j  6  560 

Quartz .  SiO^  7  820 

Chromium  .  Cr  ...  935 

Zirconia  .  ZrO^  ...  1160 

Bciyllia  .  HcO  ...  1250 

Topaz  .  (AllQjSiO^  8  1340 

Garnet  .  .AIJO3  •3Fe0-3Si03  ...  1360 

Tungsten  carbide  alloy.  \VC,Co  ...  1400-1800 

Zirconium  boride  .  Zrllj  ...  1550 

Titanium  nitride  .  TiN  9  1800 

Tungsten  carbide .  WC  ...  1880 

Tantalum  carbide  ....  TaC  ...  2000 

Zirconium  carbide  ....  ZrC  ...  2100 

Alumina  .  ”•  2*00 

Beryllium  carbide  ....  Be^C  ...  2410 

Titanium  carbide .  TiC  ...  2470 

.Silicon  carbide  .  .SiC  ...  2480 

Aluminum  boride  ....  .AIB  ...  2500 

Boron  carbide  .  B3C  ...  2750 

Diamond  .  C  10  7000 


*Sourcr;  Uamlhook  of  C.hrmistry  and  Wylies,  Collrgr  Edition,  'Wlh  Edition,  1907-68.  p.  F-I7.  Clnwiral  Knhbrr 
I’nbI  Idling  Oi. 
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It  is  readily  seen  from  Table  IV  (hat  mineral  hardness  varies  e»>nfi(terah!y. 
In  faet,  some  minerals  with  the  idcntieal  formula  differ  in  hardn«'ss.  This  shows  the  im- 
portanee  of  the  mineral  rather  than  the  eheinical  elements  or  eliemieal  eompoimds.  h’or 
example,  quartz  (SiO^)  and  flint  (SiO^),  two  different  minerals,  art*  listed  in  Tahle  V  as 
mineral  constituents  of  sand.  The  Knoop  hardne.-is  values  for  (piartz  and  flitit  are  H2() 
and  560,  respeetively.^ 


'I’he  erosi\eness  of  selected  materials  is  well  estahiished.  Kleis  tested  the 
erosivene.ss  of  plass  powder  on  various  metals  atid  f«.*und  it  ahoiil  100  times  less  erosive 
than  corundum.®  The  glass  powder  is  essentially  SiO. :  wheri‘a«.  the  corundum  is  an 
aluminum  oxide  (.-M^Oj ). 


Tahle  V.  Mineral  Constituents  of  .‘'ami 


Mineral 

Formula 

llardne 
Mohs  Value 

Knoop  Value 

Quartz 

SiOj 

4 

»20 

(Orthoclasc 

KjO.AIjOj  .6Si03 

6 

560 

Feldspars 

(Alhitc 

i\a2  0..-Vlj03  .CSiOj 

6  to  6.5 

560-650 

(.Anorthite 

CaO-.MjOj  .2Si03 

6  (0  6.5 

.560-6.50 

Liniunitc 

2re3()3  .dlljO 

5  (0  5.5 

.150-490 

Olivine 

(M3.Fc),SiO, 
j.Mg  in  exee.*:s  of  Fe) 

6  to  7 

560-H20 

Mica 

KAi3(AISi3)0.(0ll.F)3 

2  to  2.5 

52-HO 

Magnetite 

'•‘■3  <>4 

5.5  t(»  6.5 

490-650 

Kaolinite 

AI3O3 .2.‘^i()3  21130 

2  to  2.5 

52-BO 

.Serpentine 

2M30.2.‘^i03.2ll30 

5  to  -1 

15.5-160 

Hint 

SiO^ 

6 

560 

•  Source:  Modified  from  Wendy  Sape.  “  ‘he  Kro,,ive  Cli.-".raetcri>tir.-.  of  Natural  SandsamI  Al<ra>ive  N.d.T.K., 

Note  No.  NT  699,  U.S.  .Miinstry  of  Teclinolog),  .Nalioinl  •Ja.'.  Turlmie  Kstahlidiment.  lljestoek  llaiil.v 
•May  196:5. 


b.  Angularity.  The  interrelationships  <d'  the  many  physical  and  eliemieal 
eharaeteri.sties  responsible  for  material  erosion  h\  airborne  .soil  mineral  particles  are  com¬ 
plex  and  not  fully  understood  nor  documented.  For  example,  are  angj'lar  quart/,  or 
angular  flint  particles  more  ero.sive?  Noted  under  the  hardne.ss  .section  of  this  report. 

^Wendy  Sape.  ‘  The  Kmsive  Characicrislie-  of  Natural  .Sands  and  Abr.iM\f  DiHs."  N.C.T.K..  Note  No.  NT  699.  l.’.K. 
.Ministry  of  Technolop)'.  National  flas  Turbine  K-tal>lislimrnl.  Bvc'lock  ll.int',  M.i\  196:5. 

?1.  Kiris  “A  Study  of  Mrtallo-Orainir  Solid  Alloy*,  of  Different  llardne<.<.”  Tnid\  l.dlin  I'oix  lech  Iii'l.  .Sene.s  A 
(219).  1 965  (a*,  (iiiotrd  by  .s'ape.  Wendx .  May  I96;i). 
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l)otli  qtiurt'/.  and  flint  liavc  tlio  rhomical  formula!;  (SiO^).  'riio  Knoop  liardncsii 
valiu'?  arc  B20  for  quart/,  and  .ViO  for  flint.  I'linl  is  softer  than  quart/.,  but  Hint  fornK-< 
sharper  edges,  i.e.,  nntre  angidar  than  quartz  when  broken.  F.>periinents  show  that  ero- 
.sion  is  negligilile  for  spheres  hut  in«-reases  as  angtdarity  increases.  'I'herefore,  from  tlie 
currenfl)  available  inforination.il  eaniiol  he  staled  definitely  which  of  the  two,  angular 
quart/,  or  anguiar  dint  particles,  are  more  erosive.  These  unanswered  questiotis  show 
the  need  for  additional  research  on  the  problem. 

The  higher  than  expc<-led  erosion  of  engine  compressor  blades  for  turbo¬ 
prop  aircraft  in  Iceland  has  b«;en  allributcd  to  the  liighl\  angidar  nature  of  tlie  glassy 
particles  which  are  weathered  from  exlensi\e  lava  formations.  Similar  material  erosion 
problems  will  e.\i.-l  in  other  acidic,  volcanic  areas.  All  other  things  being  equal,  the  soils 
derived  from  acidic  basalt  will  be  more  abrasive  than  those  derived  from  the  basic  ba¬ 
salt?.  The  acidic  basalts  contain  a  higher  percentage  of  SiO^  than  do  the  basic  basalts. 

Some  generalizations  can  be  made  relative  to  angidarily  of  soil  pailicles 
and  their  disirihution.  I’arliele?  transported  by  wind  or  water  generally  have  their  sharp 
corners  and  edges  removed  by  abrasion.  This  means  that  most  of  the  mineral  particles 
from  deserts,  heai-hes.  terraces,  and  river  flmjd  plains  are  suh-ruunded  to  rounded.  On 
the  other  hand,  residual-soil  mineral  particles  on  tin*  uplands  and  inlerfluvi*s  would  gen¬ 
erally  be  angular  to  sub-rounded. 

e.  Size.  .Sage's  experiments  using  quartz  particles  show  that  erosion  in- 
erea.scs  with  increasing  jiartiele  size  (Table  VI  and  I-’ig.  1).’ 

Considering  only  the  particles  impacted  at  -120  fl/s  at  •)()'*,  the  erosion 
increased  about  fourfold  (0.4  to  1 .3  mg/g)  as  the  average  particle  size  increased  from 
2.0  to  105  pm.  The  relationship  heivveen  ero.«ion  and  particle  size  is  mrither  ilireet  nor 
at  a  eonst.int  rate  of  idiange.  There  is  no  noticeable  erosion  when  the  particles  are 
about  6  pm,  hut  erosion  increases  rapidly  with  increasing  particle  sizes  greater  than 
about  0  pm.  lletween  around  .50  to  around  100  pm.  depending  on  the  particle  velocity, 
the  erosion  rate  decreases  abruptly  and.  for  practical  purposes,  remains  constant  (I'ig.  1 ). 


^Wrndy  Sag.'.  "Tlie  Kro.‘ave  Oiararlrri'tics  of  NaUitJ  S.lml^and  Abrasive  Do-nIs.”  N.G.T.K..  Notr  No.  NT  fi99. 1'.K. 
Ministry  of  Technology.  Nalioiul  Gas  Tnrhinr  K.slaWi.'limnit.  livestock  llaiil.s,  May  19611. 
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Table  VI.  Influence  of  Particle  Size  on  Amount  of  Erosion 


Particle 

Mean 

Erosion  Loss  (pm/g  impacted) 

Particle 

A 

B 

C 

Range 

(pm) 

Size 

(pm) 

420  ft/s 
at  90®* 

800  ft/s 
at  90®* 

1000  ft/s 
at  90®* 

()-5.,'> 

2.8 

0 

0-11 

6 

0.7 

18-29 

25 

0.4 

0.7, 1.0 

1.0,  1.2 

3145 

38 

0.5 

1.5 

2.2. 2.7 

45-53 

49 

1.3 

5.2,  .5.4 

53-63 

58 

2.7 

5.6.  5.8 

63-76 

70 

1.2 

2.8 

5.6 

76-00 

83 

1.3 

4.9 

6.2 

90-105 

98 

6.7,  8.1 

10.5-125 

115 

4.2 

9.2, 8.0 

125-150 

137 

1.3 

4.6 

8.6, 8.1, 

8.2 

1.50-180 

165 

8.2,  7.7 

180-210 

195 

1.3 

4.7 

8.2 

*Particleii  impacted  at  90®  to  .<anip)e  being  eroded. 

(Adapted  from  Wendy  Sage,  The  Erosive  Characteristics  of  Natural  SondsamI  A  brasive  Dusts.) 

5.  Velocity.  For  quartz  part  iclc.s  from  about  6  to  about  100  Mfo?  tbc  velocity  of 
the  impacting  particle  influences  the  amount  of  erosion  as  much  as  the  particle  size  (loe.s 
(Fig.  I).  For  all  three  velocities  checked  (420. 800,  and  1000  ft/.*:),  the  amount  of  ero¬ 
sion  was  negligible  below  6  nm  but  increased  to  8.2  mg/g  for  particles  averaging  19.';  lim 
in  size  and  having  a  velocity  of  1000  ft/s.  The  rate  of  erosion  increases  rapidly  as  the 
particle  size  increases  for  each  of  the  velocities  tested.  For  each  velocity,  however,  the 
erosion  reaches  a  leveling-off  point  where  the  ero.sion  is  negligible  with  increasing  parti¬ 
cle  size. 

Velocities  imparted  to  particles  by  the  bclicoptcr  rotor  arc  comparable  to  ve¬ 
locities  crcated'by  compressed  air  sand  blasting.  Moreover,  the  effectiveness  of  the  par¬ 
ticle  velocity  is  greatly  incrca.scd  on  the  rotor  blades,  especially  the  leaditig  edge  at  the 
outer  end  of  the  rotor  blades.  With  respect  to  the  rotor  blades,  the  effective  velocity  of 
the  abrasive  particles  is  the  resultant  velocity  of  the  particles  and  the  rotor  blade.  The 
erosion  on  the  blade  increases  with  distance  from  the  hub  because  the  velocity  of  (be 
blade  increases  with  distance  from  the  rotor  hub. 


"T.‘r:'?525(^ 


III.  CIIKMICAI.  COKKOSION  IIY  AIHIIOIINK  i’AHTICJ.KS 

6.  Corrosiverteft*  of  Natural  Clieiuital  Compounds.  Many  (■li(‘mii-al  l•ol»polUl^^.<. 
fkloridcs  aiu!  'Ulfattv  being  the  most  froiibk-some  on  a  worltUviilc  bask,  when  t-onihiiieJ 
with  moisture  form  Itighly  corrosive  agents  which  attack  hoth  org.uiie  and  inorganic  ma¬ 
teria!.  TIu*  oceans,  se-as,  and  soni<‘  lakes  and  land  .surfaces  in  arid  a!>il  .-emiarid  accas  are 
.sources  for  corrosive,  airborne  particic.s. 

(loaslal  ar(‘a.s.  especially  those  Inning  predominantly  on-sHorc  winds,  will  Inne* 
high  cotM’cntrations  of  atmospheric  oceanic  irnirec  salt.<.  \\  «)odcock  reports  that  ordi- 
narv'  sea  winds  carrv’  from  If)  to  100  pounds  of  sea  .s;dt  per  cubic  mile  of  air.  and  storm 
winds  may  hear  as  much  as  1 ,000  puutuls  or  nior«‘  per  cubic  mile.®  High  concc.ntrations 
of  atmospheric  siilts  arc  also  present  in  areas  surrounding  large  lakes  in  arid  and  semiarid 
areas.  Great  .Sail  l,ake.  I  tah.  the  Dead  .Sea.  and  the  Ca.-<pian  Sea  arc  only  a  few  of  the 
many  c.xamples  of  itdand  lakes  and  .seas  where  the  atnio.<phcric  .^all  concentiations  arc 
high  enough  to  cause  .>;e‘'cr<'  local  corro.>iiou  problems. 

l•'ronl  available  data,  the  con.sensus  is  lliat  for  littoral  areas  tin*  scui-sail  coulctU 
of  the  air  iiUTcases  from  the  poles  toward  the  equator.  Miicii  more  data  is  needed  on  a 
world  basis  to  lie  able  to  map  atmosplu'rie  sea-salt  conteiO  for  a  desirable  h‘\el  of  relia¬ 
bility  or  completeness.  Maps  .showing  the  eoueentration  of  oecatiie  salts  in  the  atmo.s- 
phere  are  not  available.  However,  two  maps  elo.«ely  related  t«)  the  problem  have  Ixani 
produced  (l‘'igs.  2  and  '  igure  2  gives  an  indication  of  the  chloride  that  is  washed 
out  of  the  atmosphere  in  I  year.  I■'igure  2  .show.-  rclaliv*;  amounts  of  atmospluuic  .sea 
.salt  over  the  latid  surfaces  of  the  world. 

\reas  of  ititeriial  drainage  iti  tot  de.serts  an'  .-oil  problem  areas  w'ifh  rc.speet 
to  higit  coiieentrations  of  .soil  mineral  .salts,  of  which  the  most  common  an'  sidfate.s, 
chlorides,  and  earbonalcs,  in  some  dc.seri.s.  then'  arc  .sections  wher('  the.se  salts  niak«'  up 
the  nmjor  part  of  the  surface  material.  In  the.«c  areas,  strong  surface  witids  stir  up  and 
keep  in  suspension  high  com'eutration.-  <>f  thc.s<'  corrosiv*'  salts. 

barge  land  areas  have  be('n  <lraiued  for  agricuUurr'  atid/(»r  insi'cl  eonln)l  in  st'- 
leeted  parts  of  the  world,  .‘'ome  of  the.se  drained  areas  develop  .sulfatie  soils  (higli-sulfatc 
soils).  'I'hc.se  .sulfatie  soils  do  not  cover  vast  eontiimous  area.-:  rather,  tlu'v  appear  as  di.s. 
continuous  patches,  the  total  area  of  which  is  e.stimatcd  in  terms  of  hundreds  of  thou- 
.sands  of  acres.  The  major  .-idfatie-soil  an'as  of  the  worhl  arc: 

^  \.  It.  W(«(Klr<ict..  ".Salt  aiiil  Koiii.”  Srimlific  .■Imerican,  Vol.  t97.  .No.  -t.  x)ct.  I'JUT. 

0  *  •  « 
tt.  |{.  lincriv .  "Altiio>plim-  .Si-a-.Sall'  Dn^gii  (^rilrria  Areas" .e  .■sriiat  of  Hofiroitmt-ntot  Srirners.  Vol.  )l.  No.  .'5, 
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Fig.  2.  Chloride  in  precipitation.  Names  indicate  source  of  data  used  in  preparing  the  text  and  maps. 
(Source;  W,  B.  Brierly,  “Atmosphere  Sea-Salts  Desigti  Criteria  Areas,”  Journal  of  Environmental  Sciences. 
8,  No.  5,  October  1965,  pp.  18, 19.) 
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Fig.  3.  Prcliminarj-  generalized  atmospheric  sea  design  criteria  areas.  (Source:  W.  B.  Brierlv, 
“Atmosphere  Sca-.Salts  Design  Criteria  Aniaa."  Journa!  of  Environmental  Sciences,  6,  No.  5,  October  1965.) 
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a.  coastal  U.S.A.,  Vk.ginia  to  northern  Florida 

b.  gulf  coast  of  the  U.S.A.,  west  of  the  Mississippi  River  delta 

c.  northeastern  coastal  area  of  South  America 

d.  coastal  west  central  Afriea 

e.  coastal  Holland 

f.  scattered  coastal  areas  of  Southeast  Asia  including  Burma,  Tliailand, 
Vietnam,  Java,  and  New  Guinea. 

7.  Corrosiveness  of  Industrial  Chemical  Compounds.  In  addition  to  the  natural 
sources,  including  volcano  fumes,  of  corrosive  chemical  compounds  in  the  lower  levels 
of  the  atmosphere,  there  arc  chemical  compounds  introduced  by  the  various  industrial 
processes  and  by  industrial,  commercial,  and  domestic  burning  of  fossil  fuels.  Sulfur 
compounds  are  the  most  common  corrosive  chemical  compounds  in  the  atmosphere, 
but  by  no  means  the  only  ones,  on  a  world  basis.  A  few  of  the  worst  offending  indus¬ 
tries  in  regard  to  releasing  sulfur  compounds  to  the  atmosphere  arc  metal  refining,  petro¬ 
chemical  processing,  and  paper  manufacturing. 

IV.  OTHER  PROBLEMS  CAUSED  BY  AIRBORNE  PARTICLES 

Other  problems  caused  by  airborne  particles  include:  (1)  electrical  failures, 

(2)  clog^ng  and  partial  blocking,  (3)  additional  weight,  and  (4)  restricted  visibility. 

8.  Electrical  Failures.  Electrical  components  utilizing  hi^  voltages  or  moving 
parts  such  as  breaker  points  often  fail  when  subjected  even  to  low  concentrations  of 
fine,  airborne  soil  particles.  Arcing  between  higji-tcnsion  electrodes  is  promoted  by  ac¬ 
cumulations  of  fine  particles.  Bearings  and  armatures  of  motors,  dynamotors,  and  gen¬ 
erators  are  damaged  by  the  abrasion  action  of  fine  particles.  These  fine  particles,  a  frac¬ 
tion  of  a  micrometer  to  around  80  fitn,  enter  all  containerized  components  except  those 
that  are  truly  airti^t. 

In  addition  to  fine  airborne  soil  particles,  sea  salt  in  the  air,  fog,  dew,  and  pre¬ 
cipitation  foul  electrical  equipment  by  coating  surfaces  of  insulators  with  a  conductive 
coating.  This  conductive  coating  is  undesirable  because  it  promotes  sparking,  causes 
energy  losses,  and  accelerates  corrosion  of  the  insulating  material  and  metal  parts  of  the 
electrical  equipment. 
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Tlie  generalization  of  hi^ier  sea-salt  eontent  in  the  air  in  the  equatorial  littoral 
areas  is  supported  by  the  following  observations.  Corro.sibn  in  the  tropical  littoral  corro¬ 
sion  testing  station  in  Abidjan,  Ivory  Coast  (5®N),  was  approximately  Lwiee  as  rapid  as 
in  coastal  regions  of  France. 


9.  Oogging  and  Partial  Blocking.  The  effects  of  fine  particles  in  tbc  category  of 
clogging  and  blocking  include  a  wide  variety  of  problems.  Small  openings,  such  as  in 
pitot  tubes  and  grease  fittings,  become  blocked  and  inoperative  by  fine-particle  accumu¬ 
lations.  Fine  particles  of  montmorillonitic  clay  arc  especially  undesirable,  ^lontmorillo- 
nitic  clays  .swell  with  absorption  of  moisture.  Such  swelling  clays  can  cause  serious  com¬ 
paction  problems  in  critical  small  openings,  and  they  can  also  cause  compaction  and 
abrasion  in  ball  and  socket  joints. 


Ball  and  socket  joints  and  other  types  of  joints  between  moving  parts  which 
require  lubrication  will  accumulate  airborne  particles.  Tire  lubricant  and  particles  to¬ 
gether  act  as  a  polishing  or  grinding  compound.  The  lubrication  holds  abrasive  particles 
which  cause  erosion  not  only  during  the  period  that  the  equipment  is  operating  in  an 
abrasive  airborne  particle  environment  but  also  in  a  clean  cnviroimient  thereafter.  ,For 
example,  a  helicopter  may  hover  for  5  minutes  in  an  environment  with  a'hi^  concentra¬ 
tion  of  airborne  SiO^  particles  over  a  sandy  beach.  During  the  5-minutc  period,  the  oiled 
and  greased  joints  will  accumulate  sonre  of  the  airborne  particles.  The  helicopter  then 
flies  for  2  hours  well  above  any  airborne  beach  particles.  The  oiled  and  greased  joints 
have  been  subjected  to  particle  abrasion  for  2  hours  and  5  minutes  rather  than  t[ic 
5-minute  hovering  time. 


10.  Additional  W«^t.  After  several  hours  of  operating  an  aircraft  in  extreme- , 
ly  dusty  conditions,  the  accumulated  particles  in  dead  airspaces  could  seriously  affect 
performance  by  changing  the  center  of  gravity  and  total  aircraft  gross  weight.  The  addi¬ 
tional  wei^t  from  the  accumulated  partiiiles  could  coiiccivably  lower  the  ceiling  level 
of  operations— especially  when  the  air  temperatures  are  very  high. 


11.  Restricted  Visibility.  High  concentrations  of  airborne  particles  arc  a  serious 
safety  hazard-especially  during  V/STOL  aircraft  takeoffs  and  landings.  The  high  con¬ 
centration  of  fine  particles  may  obscure  the  horizon  and,  er  many  occasions,  may  even 
reduce  pilot  risibility  to  zero.  Tl>e  seriousness  is  increased  many  times  when  this 'condi¬ 
tion  prevails  during  takeoffs  and  landings  of  .several  V/STOL  aircraft  in  close  formation. 
Unless  the  pilots  can  make  a  very  rapid  charlge  from  contact  to  instrument  flying,  mass 
crack-ups  of  the  aircraft  with  each  other  and  with  the  ground  is  hi^ly  possible.  ' 


Rychter  and  Bartakova,  Tmpieproofing Etectricci  Equ^mrnU  Leonard  Hill  (Books),  Ltd.^  London,  1963. 


()»  two’ test  occasions  at  the  Yuma  Vehicle  Dust  (bourse,  visihility  was  so  rc- 
tluccil  that  the  pilot  lost  ^ill  ground  reference  duriitg  attempts  to  clear  the  hover  area. 

•  It  was  also  found  that  dust  concentrations  were  much  higher  (hy  aifactor  of  alfout  3) 
when  the  helicopter  landed  and  took  off  again  after  the  dust  cloud  was  allowcjl  to  clear. 


>  y.  M.AJ’OR  DKTRIMKNT.AI.  .M.RBORNK  .'<OIL  RARTlc'hKS  .AND 
TUFdR  r.KOGRAPinC  DlSTRlklTION 

|2.  Distriliution.  Fine  particles  exjst  in  the.atinosphere  to  varying  degrees  all 
over  the  world.  The  land  areas  arc  the  major  source  for  airborne  particles,  hut  oceans 
and  large  lakes  in  arid  and  semiarid  areas  also  contrihute  microscopic  particles  t>f  various 
salts  wine!;,  as  mentioned  earlier,  can  he  liighly  corrosive  when  comhitjed  with  moisture. 

I  ■  '  '  .  ' 

.  .  I 

The  greater  part  of  the  sparsely  vegetated  areas  of  the  world  present, an  im¬ 
mediate  airborne  partie4c  problem  for  V/STOL  aircraft.  The  exceptions  to  this  generali¬ 
zation  include  the  following:  (1 )  wet  or  frozen  .soil  areas,  (2)  coarse  gravel  desert  areas 
with  no  fine  particles  at  the  surface,  and  (3)  extensive  surface  bedrock  areas. 

i  In  conti*ast,  the  vegetated  areas  (gras.ses,  low  shhihs,  brush,  and  .trees)  present 
much  less  of  a  problem,  but  tlie.'je  areas  become  real  problem  jjrcas  as  the  vegetation  is 
destroyed  by  man’s  aetivities-military  as  well  as  civilian.  (Dangers  resulting  from  or- 
ga«nc  debris  will  he  discusvsed  in  a  later  report  on  vegetation.) 

•'  I 

Experience  has  shown  that  cn^nc  erosion  damage  due  to  inge.«tcd  particles 
varies  with  location  of  operations.  It  is  well  documented  that  erosion  due  to  fi;ic  parti¬ 
cles  ingested  hy  helicopters  in  Vietnam  and  Aden  is  greater  than  expected.  The  rapid 
erosion  in  these  areas  is  attrihutahic  to  the  relatively  hi^.  concentrations  of  aluminum 
andiron  oxides. 

:  i  ’  *  . 

Mineral  analyses  for  several  .soil  samples  collected  at  various  places  around  the 
world  are  lifted  in  Table  VII.  It  must  be  noted,  however,  that  there  is  no  a.ssuruncq  that 
these  samples  arc  representative  of  the  surface  soil  for  broad  areas  around  the  sample 
sites;  These  samples  arc  useful  and  valuable,  hut  there-  is  a  valid  question  as  to  just  what 
they  represent.  Is  it  surface  or  sub-surface  material?  Is  it  fill  material  hrou^it  in  from 
some  other  location?  For  thes«i  soil  samples,  the  Naval  Weapons  Center.  China  Lake, 
California,  stated  the  following:  “Find  plot  of  dirt  that  is  out  of  the  direct  stream  of 


*  ^Report  No.  1  of  this  scrirs.  Potential  Sand  and  Dust  Source  Areas,  delincatrs  on  world  maps  several  of  the  particle 
characttristics  and  soil  conditions  that  are  important  when  considering  airborne  particles  that  are  detrimental  to 
V/STOL  aircraft. 


Table  VII.  Characterization  of  Soil  Samples 


1^ 


Location 

1  Composition  (percent  hv  wei 

_ 1 

Ignition'* 

lo*s. 

'.t 

Density, 

t/cm^ 

Average 
particle 
size,  pm 

SiOj 

AIjO, 

■nOj 

MnO 

CaO 

MgO 

K^O 

NajO 

Da  Nang,  Vietnam 

K0.2I 

7.61 

8.69 

0.68 

0.08 

3.35 

2.735 

20 

Koral.Thailind 

77.37 

8.90 

3.97 

0.67 

0.29 

6.93 

2.6.>1 

28 

Subic  Hay.  Philippine 

I.danib 

39.07 

29.22 

13.34 

1.70 

0.20 

13.27 

2.851 

14 

Hong  Kong 

74.75 

11. 'U 

2.59 

0.40 

0.06 

0.84 

0.13 

3.30 

0J)8 

5.00 

2.70 

9 

Naha,  Okirtawa 

67.39 

12.13 

4.59 

c 

5.37 

1.46 

6.41 

2.731 

21 

Iwokene.  Japan 

67.94 

16.17 

4.85 

c 

2.92 

0.89 

2.14 

2.626 

32 

At»ugi,  Japan 

32..>i 

26.45 

15.40 

c 

1.02 

1.96 

13.97 

5.128 

d 

.'^a.'ielK),  Japan 

69dt.3 

12.46 

5.72 

c 

0.31 

0.63 

6.93 

2700 

22 

Agana,  Cuam 

14.09 

26.75 

15.37 

c 

12.28 

0.40 

27.31 

.3.2:» 

17 

Fiji  Lsland 

43.99 

23.01 

12.23 

0.93 

0,14 

3.76 

2.98 

t).27 

2.33 

7.fs3 

3.03 

4 

Moorea.  Tahiti 

1.3.69 

2.15 

1.93 

0.33 

0.03 

.35.58 

2.22 

0.33 

0.77 

39.69 

2.93 

8 

Fago  Pago.  Amcr.  Samoa 

1. 3.2.1 

6.08 

6.29 

0.93 

0.10 

39.23 

.3.65 

0.29 

0.65 

28.63 

.3.20 

7 

Wake  Island 

0.13 

Nil 

0.99 

- 

31.12 

1.23 

44..54 

2.780 

36 

Midway  Island 

29.99 

22.14 

21.37 

c 

2.88 

0.91 

16..57 

3.391 

15 

Oahu,  Hawaii 

31.71 

21.73 

26.32 

c 

0.60 

0.94 

14.62 

4546 

13 

Inniilfail,  Queerudand, 

Aust. 

32ill 

28.32 

22.69 

2.85 

0.13 

0.75 

0.53 

0.05 

0.15 

12.06 

3.08 

5 

Adak#l,  Alaska 

S4.27 

23.49 

1.80 

t 

II.4S 

4.37 

0.40 

2.899 

188 

Adak  #2,  Alaska 

31.09 

13.79 

2.30 

c 

2.86 

0.49 

44.78 

2.072 

22 

Anchorage,  Alaska 

64.94 

l.i.84 

5.69 

0.90 

0.70 

1.84 

4.19 

2.728 

35 

Kodiak,  Alaska 

S7.06 

16.39 

6.66 

c 

1.98 

1.54 

II. .81 

2.387 

10 

Tanana  Valley,  Alaska 

01.43 

7.15 

3.37 

0.63 

1.80 

1.44 

1.52 

2.690 

45 

Alcan  Highway  (Dawson 

Ocek-Delta  Junction) 

56.70 

14,31 

6.48 

0.85 

7.75 

3.65 

7.91 

2.744 

8 

While  Horse,  Yukon 

68.14 

13.22 

3.13 

0.60 

5.66 

UI8 

.3.96 

2.476 

20 

iSea-Tac,  Wash. 

66.60 

14.12 

.3.70 

0.73 

0.58 

3.17 

8.30 

2.813 

31 

Chiiu  Lake,  Calif. 

69.50 

1,3.22 

.3.97 

V 

5.47 

1.15 

2..58 

2.685 

61 

Sierra  Nevada  (Pish 

Creek).  Calif. 

.54.57 

18.83 

10.37 

c 

6.71 

3.20 

3.00 

2.796 

.36 

Y  uma,  sYiizona 

82.07 

5.80 

1.30 

0.28 

4.84 

1255 

2.75 

2.616 

47 

flagstaff,  Arizona 

34.28 

18.31 

10.57 

c 

4J3 

2.4-1 

5.38 

.3.274 

- 

Four-State  Comers,  l',S! 

83.01 

6.22 

1.37 

c 

2.00 

0.65 

2.87 

2.777 

>  .35 

Proridenee,  R.  I. 

76.83 

II.4I 

2.23 

c 

1.64 

0.43 

4.75 

2.718 

20 

Ilarrisbutg, 

68.41 

13.22 

5.35 

1.10 

1.10 

1.63 

7.46 

2.71 1 

10 

Fairfax,  Va. 

65.18 

14.16 

7.28 

1.37 

2.28 

1.35 

6..39 

2.735 

19 

Kglin  AFH,  Ha. 

95.18 

1.94 

0..31 

c 

0.49 

0.52 

MO 

2.614 

>  52 

Guatemala  City, 

Guatemala 

42.74 

20.07 

7.41 

c 

5.45 

1.15 

17.99 

2.796 

19 

Ft.  Clayton,  Panama 

.36.73 

25.86 

16.71 

c 

0.37 

0.44 

12.23 

4.2.39 

11 

Coco  Solo,  Panama 

44.30 

24.55 

10.08 

c 

0.21 

0.99 

12.38 

4.,500 

II 

liermuda 

2.11 

1.75 

0.79 

c 

50.05 

0.95 

42.46 

2.699 

26 

Ramey  AFB,  Puerto  Rico 

36253 

7.10 

.3.33 

0.28 

0.08 

23.43 

0.75 

057 

0.67 

2120 

2.93 

7 

Argentia,  Newfoundland 

15.73 

9.79 

3.49 

0.48 

0.06 

1.39 

1.19 

1.10 

I.8I 

6358 

1.31 

19 

Keplmik,  Iceland 

31.34 

23.86 

15.25 

c 

3J19 

1.27 

15.99 

3.368 

6 

Ileyford,  England 

69.77 

7.40 

4.99 

0.47 

0.14 

4.42 

0.48 

1.41 

0.42 

854 

2.97 

8 

Ross  Island,  Antarctica 

44.17 

14.36 

13.89 

3.55 

0.22 

9.27 

8.61 

1.83 

2.86 

0.79 

.3.09 

12 

Taylor  Valley, 

iVntarctica 

60.77 

12.96 

7.08 

1.08 

0.12 

5.61 

4.74 

2.25 

2.95 

2.13 

—  1 

2.98 

10 

NOTE:  Abt^ce  of  daU  in  composition  aection  doe*  not  mean  oxide*  were  not  prcKot;  depend*  on  teriinf;  technique. 


"All  metab  repotted  u  oxide*.  *^Aiiy  minor  amount  of  PiOj  would  be  included  in  the  Al^O^  value. 

^pationkn;'  1  hour  at  1292^  F.  *h*oroiit]r  too  out  of  range.  Ftrticlei  are  large  fuaed  an^oncratc*  which  enuh  to  adcfon  me  particles. 

.Source:  E.  Kutetxand  If.  C,. Schafer.  .Surrey  and  5lud/  on  .Sand and  DutU  N^'CTP  $l70.Propubk>n  Development  Department,  Nava)  Weapon*  Center,  Oiina 
Lake,  California.  Aug.  1971. 
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fool  aiul  v«'lu<'l«'  traffic."’^  1'lu'.s«‘  samples  have  value,  hot  they  woiihi  he  tnueh  more 
valuable  if  ffn  \  were  ehosen  more  ili.M  riminately.  Nevi  rlheles.-.  thev  .'how  that  at  ^pot 
loeatioiis  there  are  eon>iilerahle  thfferciiees  in  mineral  i-oiislituene\  of  .'oil.'  a,-«»iiml  the 
world. 

Hi.  Silica  (SiOj).  Hinisidering  .<oils  on  a  worhl  l)asi>.  ipiart/.  (■''id^ )  •'  "‘*'•'1 

eoinmon  soil  eonstitneiit.  hor  praelieal  purpo.ses.  «)ne  ean  .'a\  that  SiO^  parlieles  are 
ul)i(]uitoits,  hut  the  percentage  of  .''iO^  to  the  total  .soil  eonipo.'ition  varies  ••on>iderahlv 
from  place  to  place.  I'or  example,  in  the  .'oil  ^amples  listed  in  'I'alile  VII.  the  .''iO^  con¬ 
tent  ranges  from  O.I.'l  percent  for  Wake  l.dand  to  ‘k'v.lH  |)4‘reent  for  Kglin  Air  l■'oree 
Base.  Florida. 

The  most  extensive  areas  with  the  highest  [H  reenlage  of  Sitt^  in  the  surface 
soils  are  the,  deserts.'^  The  major  .sand  .silica  de.'('rl.s  of  the  world  and  their  e.>liinated 
area  in  square  miles  are  listed  in  Table  Vll!.  The  de.<erls  are  widelv  scaltered-Afriea. 
\sia.  .\ustralia,  .''outh  .America,  and  North  America.  On  an  areal  basis,  liowever.  the 
deserts  of  North  \friea  and  the  Middle  Hast  eonstitute  the  major  poriion  «)f  the  desert 
world. 

In  addition  to  the  major  de.serts.  there  are  millions  of  sqaart'  miles  of  ttiinor 
deserts  and  semiarid  areas  which  also  have  a  high  peretnilage  of  .''iO^  in  I  lie  surface  .soil. 

The  majority  of  coastal  soils  have  a  high  pereei  ^e  of  .‘^iO^ .  I n  somi'  plaei's, 
however,  particularly  coral  i.dands.  the  .‘'itl^  content  is  rel.  ivelv  low  and  the  ('.aO  and/or 
C.aC.Oj  is  relatively  high.  'Ilic  sample.'  from  Tahiti.  I’ago  Pago.  Wake  k'land.  Bermuda, 
and  Puerto  Hieo  are  examples  where  the  (>at)  and/oi  (laHOj  percentages  arc  much  higher 
than  average  and  the  SiO^  percentage  i.'  lovver  than  averagi’.  .All  i.'laiids  and  continental 
shelf  areas  where  there  is  an  ahnndanee  of  sea'liell  fragments  or  extensive  coral  develop¬ 
ment  have  higher  than  average  percentages  ol  ,a(l  and/or  Oat'.O.  and  lower  than  averagi' 
percentages  of  .''iO^ . 
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“K.  Ktilrl/.  .ind  IJ.  t).  Sr  !i.ifrr,  "Sarvev  and  .Stud\  on  .'and  and  Ilit-t."  NVVC  ft’  ."ilTO.  I’ropiiUion  llcvi’lopnii'nt 
llrpartincnt.  Na»al  Wrjpnn.- Onicr.  ('.tuna  t..iki-.  (.alif..  -Xui:.  I'lTI . 

'  'Vaart/.  i.'  tiard,  rhrmic.div  iiiitI.  and  owdnlilr  it  i-  not  «-a>il\  rcdiircd  in  -i/i'  .o  arc  most  otlicr  mineral.'. 

*  M  lie  Icnn  “dcM-rt"  used  hen-  iiirliide'.  ( I )  the  iniddte  tatiliide  dr'i  rl'  in  the  lu'inllke  iiitenor'  of  tlie  i  ontineiil'. 
Mirh  as  lhe(fnlii.(liararten7rd  liv  scant  rainfatt  and  liicli  'iiiniiier  te;n|s'ratiire'.  (2)  tin-  trade  uiiid  di-.'i-rls.  nola- 
Illy  the  .Sahara,  the  di'liimnidiiii):  features  of  wliirli  an-  iiei:lii;ililr  preeipitalioii  and  lar):e  daily  teni{H-ratiirr  raiiite. 
and  (d)  ena'tal  ilrserl'  wliere  then-  1'  a  cold  eiirrent  oii  llir  western  eoa't  of  a  lar;:e  lainl  nia''  sneli  as  oeeiirs  in 
I’eni.  Kxeliidrd  are  the  polar  ire  and  siiow  deM-rts  marked  liy  )ier|ieliial  'now  and  inleii'e  cold. 
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Tublc  Vni.  Major  Sand  (SiO^)  Deserts  of  the  World 


Name 

Location 

Kstimated  .Area 
in  Sipiare  Miles 

.Sahara 

North  Afric;i 

.LOOO.OOO 

Libyan 

Libya 

6.SO.OOO 

(iohi 

Mongolia 

400,000 

Hiihi  al  Khali 

Soutlieast  .Saudi  Arabia 

2.'50.000 

Kalahari 

South  .Africa 

200.000 

(ireat  Sandy 

Nor« Invest  .Au.stralia 

160,000 

Oreat  Victoria 

Southwe.st  Aastralia 

12.5.000 

Taklamakan 

China 

125.000 

■Syrian 

Northwest  .Arabian  IVninsula 

125.000 

Ariinta 

('entral  Au.sfralia 

120,000 

Kara-Kum 

l!.S..S.I{. 

105,000 

Nuhian 

Northea.st  Sudan 

100,000 

'I'har  or  Indian 

Northwest  India 

100.000 

Kyzl-Kum 

IL.'^.S.U. 

90,000 

(iih.son 

Western  Australia 

85.000 

Ataeama 

Northern  Chile 

70,000 

Nefud 

.*'audi  .Arabia 

50.000 

Dasht-i-Lut 

Kastern  Iran 

20.000 

Dasht-i-Kavir 

North  Central  Iran 

18.000 

I’e.ski-Muyan-Kum 

U.S.S.W. 

17.000 

Mojave 

Soutlu'rn  California 

18.500 

.‘'eehura 

Northwestern  Peru 

10.000 

14.  Alumina  (Al^Oj  and  Hematite  (Fe^Oj  ).  As  a  •'eneral  rule,  soils  hi':li  in  AI^Oj 
are  in  tropieal  and  seinitro|iieal  areas  (Tahhr  VII).  Adak  No.  I .  Alaska,  however,  is  a 
notieeahle  exe(;ption.  A  second  general i/,af  ion  is  that  soils  high  in  AI^Oj  are  also  high 
in  FejOj.  Doth  AI^Oj  and  l''<-2  03  are  hard  minerals:  the  former,  however,  is  mneh 
hardjT  than  the  '  >ter.  On  the  Knoop  seah'.  MjOj  is  rali-d  2100  and  l■’«'2  03  varies  from 
4:t0  to  .'560.  Mueh  of  the  fine,  reddish  dust  that  heroines  airhorne  and  eoats  everything 
in  mueh  of  the  tropies  and  semitropies  is  some  form  of  iron  oxide. 
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VI.  ka(:t{)|{.<;  infli'kncino  soil  particlks  ijkcominc;  airbornk 


15.  Dust  Potential  of  an  Area  Based  on  Amount  and  Size  of  Particles.  Some  ef¬ 
fort  has  been  made  to  evaluate  the  potential  dustiness  of  areas  by  e.\utninin»  tl«e  propor¬ 
tion  of  partieles  smaller  than  7-f  fim  in  the  surface  soil.’®  It  was  concluded  that  any 
area  whose  soil  contains  nmre  than  0  percent  by  weight  of  such  particles  may  become 

at  least  moderately  dusty  at  times.  Soils  with  14  |K‘reent  or  more  of  dust-size  partieles 
are  potentially  very  dusty.  It  was  also  coiu-huled,  however,  that  soils  with  more  than 
9  percent  of  dust  particles  are  very  comnion  on  a  world  basis;  so  one  must  look  for 
other  factors  on  which  to  has<'  estimates  of  the  likelihood  of  dust  problems. 

16. -  Other  Factors  Influencing  Dust  Potential.  Other  factors  influencing  dust  po¬ 
tential,  however,  are  so  close!}  interrelated  that  it  is  impossible  to  identify  their  individ¬ 
ual  effects  except  under  carefully  controlled,  long-term  studies.  For  example,  the  state 
of  ag^omeration  of  the  surface  particles,  caused  either  by  chemical  as.socia{ion  or  the 
binding  action  of  moisture,  is  an  extremely  important  consideration  in  the  prediction 

of  dust  problems.  Agglomeration  of  surface  particles  occurs  anywhere  there  is  a  wetting 
and  drying  process  of  fine,  unconsolidated  .soil  particles.  Bare  soil  with  an  agglomeration 
of  surface  particles  may  not  give  ri.se  to  dust  problems  until  the  soil  is  disturbed  or  agi¬ 
tated  by  mechanical  means.  Such  agitation,  commonly  associated  with  many  activities, 
facilitates  the  drying  process  and  breaks  the  surface  crust  into  its  coiistituent  particles. 

It  also  happens  in  many  (;ases  that  surface  dust  particles  become  conglutinatcd  soon 
after  disturbing  forces  cease.  (The  Vehicle  Dust  Course,  Yuma  Proving  Cround.  for  ex¬ 
ample.  is  disked  prior  to  u.se  for  testing.) 

Another  important  factor  in  assessing  the  dust  potential  of  a  given  area  is  the 
pro.«cncc  or  ab.scncc  of  protective  cover  —  either  natural  or  artificial.  Dense  vegetation 
of  any  kind,  for  example,  provides  excellent  mechanical  protection  from  wind  move¬ 
ment,  and  plant  I'ools  lend  to  bind  the  .soil  particles  together.  Artificial  protection  is 
provided  by  means  of  paving  areas  subject  to  hard  usage  or  by  means  of  various  soil 
stabilization  techniques.  F)ven  a  sprinkling  with  water  will  provide  temporary  relief 
from  dust  problems. 

Climatic  factors,  particularly  pnxipitation.  are  of  considerable  importance  in 
determining  the  state  of  agglomeration  of  particles.  Since  moisture  is  a  primary  agglo¬ 
merating  factor,  any  climatic  condition  that  fav  5  evaporation  lends  to  increase  the 
dust  potential.  F.xeluding  Antarctica,  over  40  percent  of  the  world’s  land  surface  is 
classined  as  moisture  dcricient.  Another  40  percent  of  the  earth  is  seasonally  dry.  which 
means  potentially  .severe  dust  conditions  for  parts  of  the  year.  Less  obvious  is  the  fact 

*^.S.  J.  Rodgers,  “Kvaltiation  of  the  Dust  Cloud  (•rnrrated  by  Hriiroptcr  Kotor  Blade  Downwa.di,”  USA  AV!,AB.S 
Technical  Report  67-81 .  U.  S.  Army  Aviation  Materiel  Laboratories,  Fort  Knstis.  Va.,  March  1968. 
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that  oven  in  inuh-inoistnn*  regions  during  tin^  seasons  of  liigh  rainfall,  dust  continues  to 
create  problems  wlier«‘  protective  cover  lia.-  been  renu>ve<l.  Man)  moist  areas  are  so  well 
draitjed  that  mud  becomes  dust  in  a  surprisingly  short  time  after  beavy  rains.  A  good 
example  is  the  situation  in  Vietnam  '.yfiere  many  Anierieans  have  been  surprised  at  the 
airborne  soil  particle  problems  between  rains  during  the  vv«‘t  seasons. 

Climatic  factors  other  than  precipitation  also  have  an  effect  on  the  potential 
for  fine-particle  production.  .Since  dust  may  be  b\gn»seopie.  it  is  dependent  in  part  on 
relative  bumidity.  .Many  dust  tests,  for  example,  specify  a  relative  humidity  of  le.ss  than 
30  percent  in  order  to  achieve  maximum  particle  .-separation.  'I’bere  is  al.so  some  evidence 
that  dust  preddems  are  more  severe  at  bigber  temp<*ratures.  And.  finally,  tiatural  wind. 
l)olb  because  of  its  drving  action  and  because  of  its  ability  to  circulate  dust,  ba''  a  con- 
sidcrable  effect  on  dust  potential. 

VII.  AIHIIOR.NK  I'ARTICCK  CONCKNTKATIONS 
UNDKH  VARIOUS  FIKLI)  CONDITIONS 

17.  Variability  of  Fine  Particle  Concentratioii.s.  TIutc  is  a  wide  variability  in  the 
concentration  of  fine  particles  su.spended  in  the  air.  This  variabi!  Iv  within  a  seeminglv 
uniform  micro-environmer\t  is  illustrated  by  a  -erics  of  nine  .samples  eollected  next  to 

a  bulldozer  backfilling  a  trench  witli  dry  soil.  All  samples  were  collected  williin  a  linn 
.span  of  I  hour,  and  care  was  taken  to  get  as  nearly  identical  conditions  as  possibb*.  'I  et. 
the  concentrations  varied  fnnn  0.26  to  .5.10  mg/cu  ft  (9  to  183  mg/cu  m).  Most  of  the 
pertinent  data  available  reganling  measured  fine  p.irli<  le  concent  rations  are  in«  orporalcd 
in  Table  1 X. 

18.  Correlating  Concentrations  with  Visibility.  In  addition  to  actual  measure¬ 
ments  of  fine-particle  concentrations,  .some  attempts  iiave  been  made  to  correlate  con¬ 
centrations  with  visibility.  In  fact,  the  most  common  method  «)f  reporting  airborne  par¬ 
ticles  is  based  on  restriction  to  visibility.  .Apart  from  the  inberent  differencc.s  among 
observers  in  their  perception  of  what  constitutes  poor  visibility,  consistent  correlation 
between  visibility  and  dust  concentratioti  is  difficult  to  achieve  btreausc  properties  other 
than  concentration  are  important  in  determining  light  transmission.  For  ('xample.  at  a 
given  concentration  (weight  per  volume  of  air),  cloutls  ctnnposed  of  smaller  particles 
pa.ss  much  le.ss  light  than  those  compo.sed  of  larger  particles.  Particle  shape  and  compo¬ 
sition  may  also  have  significant  efb-cls  on  the  transmi.ssion  of  light.  .As  an  example  of 
the  kinds  of  variations  that  may  result  from  tluyse  jliffenmees.  eoneentrations  of  small 
particles  as  low  as  0.3  mg/cu  ft  (10.6  mg/eu  m)  have  been  knovvti  to  restri<-l  visibility  to 
le.ss  than  50  feet;  yet,  under  other  circumstances,  concentrations  as  high  as  8  mg/i-u  ft 
(282  mg/cu  m)  of  larger  particles  have  resulted  in  visibility  of  500  feet  or  more. 
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Table  IX.  Airlx»riH‘  I’article  ('.oncentralions  imder  Various  Field  C(uiditions 


Artivity  or  Kvciil 

Tvpe  of  .'Surface 

(Jonceiitration 

mg/  ft^ 

mg/m^ 

Du.^t  .Storm  ill  .Australia 

.')()()  fool  above  groiiiiil 

Dry  surface;  little  protective 

0.06 

2.1 

1 ,01K)  feet  above  ground 

<:<>vrr. 

0..') 

17.6 

2,000  feet  alxive  gniliiid 

Wind:  24  to  .'lO  mpli 

0.2 

7.1 

.'{,000  feel  alxive  ground 

(iroiiiiil  visibility:  1.000  feet 

0.0.') 

1.8 

4,(Hi(0  feet  alx  'e  ground 

0.02 

0.7 

Wind:  I2tolfniph 

Scrub  coviTcd  field:  no  activity 

0.4 

ILI 

Fre.sli  bree/e:  10  to  24  nijih 

ITipaved.  sandy  area:  no  dLstiirbing 

1.7 

60.0 

aetivily 

•Severe  storm:  not  delliied 

Dry  surface;  no  cover 

5.0 

176.5 

Troops  drilling 

Dry  parade  ground 

0.9 

31.8 

Troops  mareiiing 

Dry,  unpaved  road 

2.0 

70.6 

( )ne  staff  ear 

ITipaved  maneuver  road 

2.9 

102.4 

Convoy  of  trucks  and  towed  giiiis 

Unpaved  maneuver  road 

5.1 

180.0 

Column  of  tanks 

Ban .  dry,  sand  and  dust  surface: 

7.3 

257.7 

measured  beside  column 

■Muzzle  blast  from  gun  on  M-60  Tank 

Bare,  dry  .surface:  measured  approx. 

1.3 

45.9 

fi.T  feel  away 

MQiNfil-A  Drones: one  J.ATO  Bottle 

Hard  iiacked  .sand  and  gravel: 

0.9 

31.8 

two  separate  measiirenicnts 

2.4 

84.7 

Half-track  in  op»-ration 

Loose  saml:  measured  30  feel  away 

29.2 

1030.8 

One  Tank  --  10  mph 

Heavy  du.st  surface 

27.2 

960.2 

Column  of  6  l.iglil  Tanks 

Moving  into  wind  over  heavy  du.st 

53.5 

1888.6- 

surface 

Kngine  rompartment  in  Tank 

170.0 

6001 .0 

Aircraft  taking  off 

('.lean,  paved  runway 

o.« 

28.2 

M-21  Helicopter 

Over  fn-.shly  plowed  fields 

During  take-off 

40.0 

1412.0 

Hovering  at  1  foot 

1.5.5 

547.2 

Hovering  at  10  feet 

18.1 

6.'{8.9 

Hovering  at  feet 

7.3 

2.57.7 

Hovering  witb*seeond 

Helicopter  maneuvering  in-arby 

fsi.O 

2259.2 

(Soiirrr:  P.  Illarkforil  and  H,  S.  MePhilimy., Sand  ond  Dtul  Coimtierations  in  the  Design  of  Military  Equipment. 
l.'.SAK'n,  Tcdinical  Krport  PVri.-TK-72-7.  P'ort  Urlvoir,  Va..  1972.) 
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VIII.  MKASUREi)  AIFinORNE  PARTICLE  SIZES  AND 
CONCE^!TRATIONS  NEAR  A  HOVERING  HELICOPTER 

19.  Tests  at  Yuma  Proving  Ground  and  Fort  Benning.  Concentration  mcas-.ire- 
mentsand  some  particle  size  determinations  were  made  in  dust  clouds  generated  by  a 
tandem-rotor  H-2 1  helicopter  at  Yuma  Proving  Ground  and  at  Fort  Henning.’'’  These 
measurements  are  partially  summarized  in  Table  X.  To  obtain  the*  data.  25  samplers 
were  mounted  on  a  framework  attached  to  the  helicopter  fuselage  and  others,  on  a 
boom  under  the  rotor.  For  uniformity,  all  three  of  the  test  sites  (two  .separate  sites  at 
Yuma)  were  plo'.'ed  to  a  depth  of  6  inches  and  then  disked  prior  to  f  lie  te.st  runs.  This 
process  was  repeated  after  each  of  six  tests.  One  of  the  significant  thijigs  simwn  by  the 
data  in  Table  X  is  that  at  all  three  sites  and  at  ail  three  test  elevations,  substantial  pro¬ 
portions  of  the  particles  were  in  the  74  to  25C  iim  range. 


IX.  COMPUTED  VELOCITIES  AND  MAXIMUM  PARTICLE  DIAMETER  SIZES 
IN  THE  INTERACTION  PLANE  PRODUCED  BY  TWO  OPPOSING  WALL  JETS 

20.  Tests  of  the  Downwash  Eddies  of  V/STOL  Aircraft.  The  dow'nwash  eddies 
and  turbulence  produced  by  V/STOL  aircraft  are  very  complicated  and  not  yet  fully 
understood.  Complexity  is  further  increased  by  the  pulsating  nature  of  the  downwash. 

US.A  AVLABS  Technical  Report  08-52  presents  the  best  (but  not  completely 
satisfactory)  analytical  downwash  prediction  techniques  available.'^  Comparisons  of 
predicted  downwash  velocilie.s  and  t«»t  measurements  of  downwash  from  a  helicopter 
with  a  gross  weigtit  of  9500  pounds  indicated  an  average  error  of  40  percent  (difference/ 
predicted).  To  comprensate  for  the  inaccuracy  of  the  downwash  predicted  values,  40 
percent  has  been  added  to  the  predicted  horizontal  velocities  in  the  wall  jet.  These  re¬ 
sults  would  thetJ  be  more  realistic  for  the  maximum,  horizontal  velocities  which  could 
be  encountered  around  a  15.000-pound  helicopter. 

Wall  jet  velocities  produced  by  this  .single  helicopter  of  15,000  pounds  gross 
weight  and  a  disk  loading  of  8.0  pounds  per  square  foot  were  calculated  by  AVLaBS  of 
the  Eustis  Directorate,  U.  .‘s.  Army  Air  Mobility  Research  and  Development  Laboratory 
(Table  XI).  The  velocitic.s  listcul  are  tho.se  calculated  and  corrected  by  .AVLABS  using 
the  method  mentioned  in  llu!  previous  paragraph. 


”S.  J.  Rodgers,  “Evaluation  of  the  Dust  (iloud  Generated  by  Helicopter  Rotor  Blade  Downwasli,”  USA  AVLABS 
Technical  Report  67-81,  U,  S.  Anny  Aviation  Materiel  Laboratories,  Fort  Eustis,  Va.,  March  1968. 

7 

M.  George,  et  al.,  “! nvestigation  of  the  Downwaih  Environment  Generated  by  V/STOI.  Aircraft  Operating  in 
Ground  Effect,’’  USA  AVLABS  Technical  Report  68-52,  U.  S.  Army  Aviation  Materiel  Laboratories,  Fort  Eustis, 
V«.,  July  1968. 
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The  following  conditions  and  assumptions  were  prescribed  by  AVL  AHS  for 
determining  the  velocities  and  the  maximum  particle  sizes  at  selected  levels  in  the  inter¬ 
action  plane: 

a.  Two  aircraft  (24-foot  rotor  radius)  of  15,000  pounds  gross  weight  and 
disk  loading  of  8.0  pounds  per  square  foot  operating  side  by  side. 

b.  Separation  distance  of  52  feet  from  tip  to  tip  of  the  two  rotors. 

c.  There  is  no  energy  dissipation  as  the  two  opposing  horizontal  wall  jets 
combine  to  form  a  vertical  updraft  interaction  plane. 

d.  Only  aircraft  skid  heights  of  0,  5,  12.5  1 8.  23, 30,  and  36  feet  are  to  he 
considered  in  determining  the  vertical  velociiies  in  the  interaction  plane  to  identify 
those  particles  which  are  capable  of  being  supported  by  the  air  velocities. 

e.  Assume  SiOj  as  the  particle  chemical  compo.sition. 

f.  Assume  rounded  to  sub-rounded  particles. 

Assuming  no  losses  due  to  energy  dissipation  (c  above)  means  assuming  no 
energy  loss  by  the  two  opposing  horizontal  wall  jets  due  to  their  head-on  convergence 
which  produces  an  upward  resultant  force  (referred  to  as  the  interaction  plane).  This, 
in  turn,  means  to  assume  that  at  the  same  level  the  vertical  velocities  itj  the  interaction 
plane  are  the  same  as  those  in  the  horizontal  wall  jet. 

The  calculated  interaction  plane  velocities  are  listed  for  a  helkcpter  operatitig 
at  different  skid  heights  (Table  XI).  The  left  column  lists  the  skid  hciglits.  i  he  rows 
list  at  selected  heights  above  the  ground  in  the  interaction  plane  the  calculated  vertical 
air  velocities  and  the  theoretical  ma.Kimum  spherical  SiO^  particle  diameter  tljat  can  he 
supported  by  that  velocity. 

The  ma.vimum  particle  size  that  a  vertical  column  of  air  will  support  is  deter¬ 
mined  by  terminal  velocities.  Kuhn  states  that  the  frccf.ill  terminal  '  clocity  of  a  parti¬ 
cle  is  equated  to  the  upflow  velocity  required  to  support  this  particle.’®  Figure  -I. 
adapted  from  Kuhn's  report,  was  used  to  determine  the  ma.vimum  particle  size  for  the 
computed  vclociti'’s  listed  in  Table  XI.  For  example,  when  the  helicopter  is  operating 
at  a  .skid  height  of  36.0  feet  above  the  ground,  the  vertical  air  velocity  and  maximum 
particle  size  in  the  interaction  plane  at  the  2.5-foot  level  are.  respectively,  77  ft/.see  and 

E.  Kuhn,  “.An  Invcstii^tion  to  Detrrmini’  Conditions  Under  Which  Downwash  from  V/STOL  Aircraft  will  Start 
Surface  Erosion  from  Various  Typc.s  of  Terrains,''  NASA  TND-.‘>6,  Sept.  I9.'>9. 
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8,100  nm.  A  sfcoiid  txainplc  shows  (hat  at  a  5.0-foot  skid  height  tlu*  velocity  and  par¬ 
ticle  size  at  the  5.0-foot  level  in  the  interaetion  plane  are,  respeetively.  65  ft/see  and 
7,000  iitw. 


Note  that  for  both  the  0.0-  and  5.0-foot  skid  heigltts  tin*  velocities  are  higlier 
at  the  2.5-foot  intcractio/t  plane  level  than  at  the  0.0-foot  level.  When  the  skid  height 
is  ground  level  (0.0-foot),  the  velocities  at  the  0.0-  and  2.5-foot  interaction  plane  levels 
are,  respectively,  74  and  77  ft/see.  With  a  skid  height  of  5.0  feet,  the  velocities  at  the 
0.0-  and  2.5-foot  interaction  plane  levels  are,  respectively,  82  and  85  ft/sec.  These  lower 
velocities  at  and  very  close  to  the  ground  are  probably  due  to  the  friction  and  turbulence 
produced  as  the  air  moves  over  the  paved  surface. 

Tlie  higher  velocity  at  the  2.5-foot  interaetion  plane  hwel  than  at  the  0.0 
level  mCians  that,  theoretically,  larger  particles  can  be  supported  at  the  2.5  level  than  at 
the  0.0  level.  The  first  thought  is  that  this  will  not  happen  because  the  particles  must 
get  off  the  ground  before  they  can  be  .supported  at  the  2.5-foot  livcl.  Until  reliable  and 
accurate  particle  sampling  and  air-vclocity  measurements  are  made  in  the  interaction 
plane  and  particularly  at  and  near  the  ground,  there  will  be  some  question  as  to  what 
the  particle  distribution  and  maximum  particle  size  are  at  the  different  levels. 


X.  CONCLUSIONS 
21.  Conclusions.  It  is  concluded  that: 

a.  .More  reliable  mathematical  models  than  those  currently  available  are 
needed  to  better  define  and  describe  the  following: 

vl)  Downwash  and  updraft  patterns  and  velocities  induced  by  singje- 
and  dual-rotor  aircrafts. 

(2)  Particle  size  distributions  and  maximum  particle  ceneentrations  at 
all  lower  levels  around  the  helicopters  and  in  the  interaction  planes  between  the 
helicopters. 

b.  A  V/STOL  testing  area  should  be  established,  and  programs  should  be 
initiated  to  empirically  check  the  mathematical  models  for  downwash,  updrafts,  particle 
sizes,  and  concentrations.  All  types  of  surface  conditions  including  surface  materials, 
particle  .sizes,  soil  moisture  content,  and  vegel.'ition  .should  he  available  naturally  or  man- 
tailored  in  the  test  area. 
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Tlie  testing  could  utilize  aircraft  with  crews  for  low' or  no-risk  situations 
and  aircraft  mounted  and/or  suspended  from  cranes  with  booms  for  high-risk  tests. 

Several  cranes  and  booms  woidd  be  Jised  for  tests  involving  more  than  one  helicopter. 

By  using  cranes  and  booms,  test  pilots  would  not  he  .subjected  to  unneco.ssary  risks,  and 
the  tests  could  be  continued  to  completion  (failure)  if  so  desired. 

c.  Accurate,  reliable,  and  instaiUancous  measuring  and  sampling  instru¬ 
ments  .should  be  developed  that  can  be  easily  mounted  on  the  aircraft  and  at.  selected 
distances  and  heights  within  the  space  influenced  by  th6  downwash  of  the  rotor  or  ro¬ 
tors.  The  most  desirable  instruments  would  he  those  that  are  automatic  and  will  trans¬ 
mit  the  measurements  to  a  recording  and/or  storage  bank. 

1 

d.  A  soil  ‘•ampling  program  should  he  initiated,  patterned,  with  one  e.vcep- 
tion,  after  the  one  conducted  by  the  Ivnvironmcntal  Determination  Section  of  the  ’ 

Naval  Weapons  Center,  China  Lake.  California.  The  e.xccption  is  that  the  samples 
should  be  chosen  more  discriminately,  in  other  words,  not  just  “out  of  the  direct  stream 
of  foot  and  vehicle  traffic.”  The  sample  siiould  be  surface  sbil  taken  from  a  representa¬ 
tive  natural  (not  e.xcavatcd  or  filled)  surface.  This  sample,  within  limits,  could  then  be  i 
considered  representative  of  the  surface  soil  mapped  for  that  area  and  for  other  areas 
mapped  with  the  .<ame  designators.  In  the  event  that  the  .soils  are  not  mapped  or  arc 
mapped  at  a  gro.ss  level,  the  sample  can  at  least  he  considered  representative  of  the 
natural  surface  in  the  immediate  area. 

e.  The  term  “particle”  should  be  used  rather  than  "sand”  in  all,  future 
Army  testing  and  design  criteria  documents  to  eliminate  the  confusion  and  inconsisten¬ 
cies  that  are  so  common  in  the  published  testing  and  design  documents.. 

f.  The  Knoop  hardness  values  rather  than  the  Mohs  hardne.ss  values  should 
be  used  in  all  design  and  t(;sting  criteria  documents.' 


